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Abstract 
Biodiesel is one of the most prominent biofuels in the market, recent trends indicate a worldwide production growth 
to replace crude-based diesel as transportation fuel. In this work, two reactive distillation processes with their 
corresponding downstream separation units are simulated: the first involves alkali whereas the second includes 
heterogeneous catalyst. The processes yield a high purity biodiesel product. Aspen Plus v8.4 was used as the process 
simulation tool in the present work. Comparison between the two production processes were made in terms of the 
annual production costs and economic indicators such as Return-On-Investment (ROI) and payback period. The 
simulation results show that the heterogeneous-catalyzed process is more economically advantageous than the alkali-
catalyzed process for biodiesel production due to a much higher ROI, lower payback period, and lower annual cost 
per unit of biodiesel produced. 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
In recent years, biodiesel has emerged as a popular alternative to the standard crude-based diesel fuel. 
Biofuels have turned out to be a promising renewable fuel option. There are several advantages for the 
use of biodiesel fuels: 1) it can be derived from a domestic renewable source (e.g., vegetable oil), 2) it 
reduces the net carbon dioxide (the most common greenhouse gas) emissions by 78% on a lifecycle basis 
when compared to crude-based diesel fuel, 3) it is biodegradable and non-toxic therefore it is a more 
environmentally friendly fuel, and 4) it has also been found to have dramatic improvements on engine 
exhaust emissions [1]. Biodiesel or the mono-alkyl ester of long chain fatty acids is formed from a 
transesterification reaction between the vegetable oil (which is composed of several triglycerides) and a 
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low molecular weight alcohol (e.g., methanol). The reaction products include a complex mixture of fatty 
acid methyl esters (FAME which is essentially biodiesel) and glycerol as by-product. The reaction 
typically requires a catalyst that can be a homogeneous alkali, a homogeneous acid, or a heterogeneous 
alkali. Also, in cases where the reaction is in supercritical conditions there is no need for a catalyst. A 
process simulation approach has been typically used to model biodiesel production using different 
catalysts (i.e., alkali, acid or heterogeneous alkali), feedstock (pure vegetable oil or waste cooking oil), 
and reaction conditions (normal or supercritical) [1, 2]. The first step consists of simulating the 
transesterification reactor followed by downstream product purification steps. Another major 
development in the biodiesel production process consists of modelling the transesterification reaction 
using a reactive distillation column. During reactive distillation two processes take place within the same 
unit operation: 1) the transesterification reaction, and 2) the separation of the subsequent products. 
Following this type of process can potentially alleviate capital investment, operation costs, and provide a 
more effective separation. In prior simulation studies, the simulation of processes involving reactive 
distillation either using alkali catalyst [3] or heterogeneous catalyst [4] has been analyzed. Moreover, 
simulation studies have been performed on the reactive distillation column alone. These studies aimed to 
optimize the column’s performance and maximize product (biodiesel) yield [5, 6]. However, a 
comprehensive comparison between the two processes (i.e., alkali and heterogeneous catalyst) involving 
reactive distillation with additional downstream processes is currently lacking in the literature to the best 
of the authors’ knowledge. Thus, the present work aims to fulfil this gap.  
The present work aims to find the more preferable reactive distillation and downstream separation process 
following a process simulation approach to obtain a pure biodiesel fuel 99 wt. %. The currently 
considered most efficient distillation models, i.e., alkali and heterogeneous catalysts, for biodiesel 
production were compared to determine the most cost-effective process. Pure soybean oil was used as 
process feedstock due to its low free fatty acids content (less than 0.3%); which prevents the need of a 
pre-treatment process [1]. The two processes are compared based on a detailed economic analysis.   
2. Methodology 
For the alkali catalysed simulation, the transesterification reaction pathway is described in equations (1)-
(3):       
                                                   TG + MeOH Æ DG + ME                    (1) 
DG + MeOHÆ MG + ME                    (2) 
MG + MeOHÆ GL + ME                    (3) 
  where [TG],[DG],[MG],[MeOH],[ME] and [GL] are the molar concentrations of Triglyceride, 
Diglyceride, Monoglyceride, Methanol, Methyl Ester and Glycerol, respectively [5]. The simulation 
software used was AspenTech AspenPlusTM. The alcohol that reacts with the soybean oil is in excess, and 
the alcohol-to-oil mole ratio in the inlet is maintained at 6:1. In order to obtain simulation results that can 
be directly compared in terms of biodiesel production, the feed flow rates were set to be equal in both 
processes. For simulation purposes, the fluid package was set as UNIFAC for the Alkali-catalysed 
process, while the heterogeneous-catalysed process used the UNIQUAC fluid package in Aspen Plus. The 
kinetic parameters used to describe the transesterification reaction pathway in the heterogeneous-
catalysed process were obtained from Gaurav et al. [4]; whereas for the alkali-catalysed process the 
parameters were taken from Mueanmas et al. [5]. A standard RADFRAC column was used for the 
reactive distillation unit in both processes. Moreover, since the purity of the biodiesel product is equal for 
both processes, it is necessary to compare these processes in terms of capital and operational costs as well 
as energy consumption rates for identifying the most cost-effective process. On this regard, the Aspen 
Plus v8.4 analysis option was used to estimate the costs (i.e., capital and operational) of the converged 
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process configuration. The basis for the calculations in terms of process capacity (35,326 kilo tonnes/year 
of biodiesel) and operating hours (8760 hours) are equivalent for both process configurations. 
3. Process Description 
The flowsheet depicting the alkali catalysed process for biodiesel production using reactive distillation is 
shown in Fig. 1. The RD column shown on Fig. 1 is the main reactive distillation unit where the reaction 
and separation of unreacted methanol takes place. The unreacted methanol makes the bulk of the content 
in stream DISTOP; which is redirected as recycle stream and mixes with the methanol feed. The alcohol 
to oil ratio has been maintained at 6:1 mole ratio. The amount of sodium hydroxide catalyst used in the 
process is 1 wt. % of the total oil feed [2]. For the simulation, 4.536 kmol/h of triolein (vegetable oil) at 
25°C and 1 atm pressure is considered for the main oil feed stream. The corresponding methanol feed 
flow rate is 27.22 kmol/h at equivalent temperature (25°C) and pressure (1 atm) conditions. The makeup 
methanol stream was set at a flow rate of approximately 15.88 kmol/h based on the amount of alcohol 
expected to be recovered in the recycle stream. 
Fig. 1 Flow sheet depicting alkali catalysed reactive distillation process for biodiesel production 
The makeup and recycled methanol streams were mixed to form the primary methanol feed that 
undergoes reactive distillation. Both the oil streams and the methanol streams are heated to 60°C before 
being fed to the RD column (which includes 10 total stages). The inlet streams are fed at the 3rd stage 
while the reflux ratio was set at 1 and the boil up ratio at 0.6. The total reactive stages were assigned from 
stages 4 to 6. The excess methanol was recovered at the distillate stream, while the products of the 
reaction, glycerol and biodiesel along with the catalyst and unreacted triolein were collected at the bottom 
stream DISBOT; which is sent for downstream purification. A hexane stream of 10 kmol/h was 
introduced into a liquid-liquid extractor (LLE) for the purpose of facilitating the separation of glycerol 
and biodiesel. Two distillation columns are used: the first is used to separate the glycerol and methanol 
mixture (DIST1) whereas the second column separates the mixture of fatty acid methyl esters along with 
hexane and methanol (DIST2) from the LLE unit.  Both distillation columns are fitted at 10 stages and a 
reflux ratio of 2. 
The flow diagram for the heterogeneous catalysed reactive distillation process (see Fig. 2) uses a solid 
catalyst; which is a mixture of calcium oxide and aluminium oxide. The amount of catalyst was assumed 
according to data from Gaurav et al. [4]. Also, equivalent flow rates of oil and methanol were assumed in 
accordance with the alcohol-to-oil mole ratio of 6:1. The setup includes a primary RD column where 
methanol is recovered as a top distillate while the reaction products are obtained at the bottom of the 
column. The process feedstock is composed of 4.536 kmol/h of oil and 27.22 kmol/h of methanol; which 
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are introduced at 25°C and 1 atm. Sequentially both feedstock are pumped to 3.2 atm and 3.7 atm of 
pressure, respectively. Then, they are fed to the reactive distillation column with 7 total stages; the triolein 
is fed at stage 2 while the methanol is fed at stage 7. The reactive zone is set between stages 2 and 6; 
whereas the distillate rate is specified at 30 lbmol/h and the reflux ratio at 0.6. Furthermore, the methanol 
that is retrieved as distillate is recycled via stream DISTOP while the reaction products are sent via 
DISBOT to a gravity separation unit; where glycerol and biodiesel are recovered at a highly pure 
concentration.  
Fig. 2 Flow sheet for Heterogeneous catalysed reactive distillation process for Biodiesel production.
4. Results and Discussion
A detailed economic analysis was performed for both processes after the simulations. The total equipment 
installation (TI) costs were obtained using the Analysis section of AspenPlus v8.4. Alternatively, 
mathematical expressions could be used to calculate the equipment installation costs which can be 
obtained from standard chemical engineering design books. The indirect capital cost (TIC) was 
determined for each process in terms of the various indirect costs that take place during a plant 
construction. For instance, in this work, different indirect costs such as: site preparation (5% of TI), 
service facilities (2% of TI), allocation costs (14% of TI), and engineering and supervision costs (10% of 
TI) were considered. On the other hand, the direct permanent cost (DPC) is estimated by combining the 
total installed cost (TI) and indirect capital cost (IDC). Moreover, the project contingency and contractor 
price was calculated as 20 % of the DPC and was subsequently added to the former cost. This value is 
commonly known as the fixed capital investment (FCI). Additionally, a working capital of 15% of the 
FCI is added to the overall FCI, and the resulting value constitutes the total capital investment (TCI). A 
similar method for calculating the FCI and TCI is given by Hunpinyo et al [7]. The calculation of the 
operating or production cost was done following a similar approach to the method described in 
Apostolakou et al [8]; whereas the utility cost was obtained from the AspenPlus simulation. All the 
default utilities values were used for the purpose of this economic analysis without any modification. The 
cost of the main raw materials used in this process, namely oil and methanol feedstock, were assumed to 
be $1.1/kg and $0.28/kg, respectively.  For the alkali-catalyzed process, the NaOH and Hexane price was 
assumed to be $0.75/kg for both. Conversely, for the heterogeneous process, the catalyst cost is similar to 
that used by Gaurav et al [5]. The selling prices of biodiesel and glycerol were assumed to be $1/L and 
$2/kg, respectively. 
Table 1 shows the main associated costs and the profitability indicators of the alkali-catalyzed and 
heterogeneous-catalyzed reactive distillation processes. From Table 1, it can be observed that the FCI for 
the alkali-catalyzed process is almost twice the amount of the heterogeneous-catalyzed process. This is 
due to the use of downstream separation units (involved in the alkali-catalyzed process) compared with 
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those used in the heterogeneous catalyzed process. Despite both processes consider similar feedstock 
costs, the annual production cost of the heterogeneous catalyzed process is the lowest. This is the result of 
lower utility costs and the lack of solvent usage for glycerol separation downstream. The aforementioned 
factors make the heterogeneous catalyzed process more cost-effective. This is directly reflected in key 
economic indicators such as the Return on Investment (ROI), payback period, and unit production costs 
(see Table 1).  
Table1: Associated costs for the alkali-catalysed and heterogeneous catalysed reactive distillation processes 
                                 
                                                           Fig. 3 (a) ROI (%) vs. cost of oil feedstock ($/kg)
        (b) Payback Period vs. cost of oil feedstock ($/kg) 
                                                                      (c) ROI (%) vs. selling price of biodiesel ($/L)  
                                                                      (d) Payback Period vs. selling price of biodiesel ($/L) 
From Table 1, it can be observed that the oil feedstock cost has the most significant impact on the annual 
production cost. To understand its effect, a sensitivity analysis was performed on the oil feedstock cost to 
analyse the changes on key economic indicators (i.e., ROI and payback period) as shown in Fig. 3(a) and 
Item Alkali Catalyzed process Heterogeneous Catalytic Process
Total Raw Material Cost ($/yr) 46,330,899 39,770,050
Total Utility Cost ($/yr) 168,487 40,240
A - Plant Capacity (tonnes/yr) 35326 35326
B - Fixed Capital Investment ($) 17,121,674 8,020,501
C - Total Capital Investment ($) 19,689,924 9,223,576
D -Annual Production Cost ($/yr) 55,414,683 45,524,262
E -Annual Product Income ($/yr) 57,859,800 60,759,360
Return On Investment (% ) ((E-D)/C)*100 12.4 165
Payback Period (yr) (B/(E-D)) 7 0.5
Production cost per unit of Biodiesel ($/tonne) (D/A) 1,568 1,288
(a) (b) 
(c) (d) 
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3(b), respectively. More economically advantageous values of ROI and payback period were observed 
when the oil feedstock price was varied in the heterogeneous process compared with the alkali-catalyzed 
process. The break-even feedstock price is found to be around $1.1/kg and $1.5/kg for the alkali and 
heterogeneous catalyzed processes, respectively (see Fig. 3(a)). On the other hand, as shown in Fig. 3(c) 
the break-even price of biodiesel is found to be approximately $1/L and $0.7/L for the alkali and 
heterogeneous catalyzed processes, respectively.  
5. Conclusion 
In this work, the techno-economic analysis of biodiesel production by reactive distillation (alkali-
catalyzed and heterogeneous-catalyzed processes) was performed using a process simulation approach. 
The annual production cost and capital expenditure are found to be lower for the heterogeneous catalyzed 
process. Also, the break-even points of the oil feedstock price and biodiesel product cost were determined 
using a sensitivity analysis. Furthermore, it was found that for a processing plant with a capacity of 
approximately 35 kilotonnes/year and a price of $1.1/kg for the oil feedstock (keeping the remaining 
parameters at their default values) the biodiesel unit production cost using heterogeneous and alkali-
catalyzed processes are $1288/tonne ($4.24/gallon) and $1568/tonne ($5.18/gallon), respectively. These 
prices are slightly more than the current selling price of biodiesel which ranges between $3.5-$4.5/gallon. 
Within the scope of a future study on the same topic, possible ways to further reduce the production costs 
of both the processes include optimizing the process flowsheet, recycling raw materials, using a less 
expensive feed like waste cooking oil and implementing heat integration among different streams.  
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